local Independent Ethics Committee and was performed according to the good-clinical-practice guidelines of the International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use. Four men and 4 women (mean age 6 SD, 23 6 3 and 33 6 10 y, respectively; range, 21-44 y; weight, 69 6 11 kg) were enrolled. All provided written informed consent and were confirmed to be healthy by medical history, physical examination, routine laboratory tests, urine drug screening, negative pregnancy test when applicable, and electrocardiography.
Animals
For small-animal PET and histologic studies, male BALB/c mice (8 wk old) were obtained from Harlan Laboratories. Animal studies were performed according to the Guiding Principles for Research Involving Animals and were approved by the local Animal Care Committee.
Labeling of 18 F-ML-10
Radiolabeling of ML-10 with 18 F was performed from the respective ML-10 precursor as previously described (9) . A precursor standard of ML-10 and D-ML-10 (the fluorescent, dansyl-labeled ML-10 analog) was supplied by Albany Molecular Research. Other chemicals were obtained from commercial sources and were of analytic grade. The radiochemical purity of 18 F-ML-10 was more than 97%.
PET/CT Procedure
18 F-ML-10 was administered intravenously at a dose of 233 6 90 MBq and a tracer mass of less than 8 mg/person. The subjects fasted for at least 6 h before tracer administration. The principal investigator ensured adequate hydration in all subjects, including intravenous administration of glucose solution (25 mg/mL, 5210 mL/kg/h) to 6 subjects before 18 F-ML-10 administration. Immediately (022 min) after tracer injection, whole-body PET/CT was initiated using a Discovery ST scanner (GE Healthcare). The acquisition was performed in 2-dimensional mode, yielding a 15.7-cm axial and 70-cm transaxial field of view. Scatter correction, random counts, and dead-time correction were incorporated into the inbuilt reconstruction algorithm of the scanner. PET data were reconstructed using ordered-subsets expectation maximization (2 iterations; 30 subsets). The protocol included 3 PET/CT sessions spanning a maximum of 220 min, with each session consisting of 6-8 bed positions covering the torso and the head. Session 1 consisted of 6-8 examinations at 60 s/bed position; session 2, 2 examinations at 240 s/bed position; and session 3, 1-2 examinations at 240-480 s/bed position. Each session was initiated by a transmission CT scan (140 kV; 10-20 mAs). The subjects were permitted to rise and move between sessions and were encouraged to void to enhance tracer clearance.
Blood and Urine Sampling
Venous blood samples for radioactivity measurements were collected at 0.5, 1, 2, 5, 10, 20, 30, 45, 90, 120, 150, 180, and 220 min after 18 F-ML-10 injection, to generate blood time-activity curves and to calculate biologic half-life. For metabolite analysis, plasma samples were collected at 5, 30, 90, and 150 min after tracer injection and were centrifuged (3,100g at 4°C for 3 min). Aliquots of 2 · 0.6 mL were analyzed as previously described (9) . Urine was collected for measurement of 18 F radioactivity at 59 6 2, 134 6 5, and 205 6 5 min after tracer administration.
Image Analysis
Images were analyzed using a Gold 2.10 system (Hermes Medical Solutions). For each subject, regions of interest of similar size and shape were outlined on the CT images and copied onto the PET images. For generation of time-activity curves, regions of interest were drawn over major organs (i.e., liver, spleen, kidney, pancreas, lung, heart wall, brain, muscle, bone, and testis) and transferred to the PET images. Data were decay-corrected from the time of 18 F-ML-10 administration. For each region, standardized uptake values were calculated, allowing interindividual comparison.
Dosimetry
Dosimetry calculations were performed using the software OLINDA/EXM (11) . Residence time for each organ was calculated from the non-decay-corrected time-activity curve data. A standard body weight (56.9-kg woman and 73.7-kg man) and standard organ weights, as suggested by the OLINDA/EXM software, were used for data standardization. For calculation of the residence time of the urinary bladder contents, a dynamic bladder model was used, according to Cloutier et al. (12) .
Safety
All subjects were monitored for safety parameters from the time of 18 F-ML-10 administration until the end of the final PET/ CT session (220 min after injection) and again at 3 6 1 d after tracer administration via interview, electrocardiography, and measurements of heart rate, blood pressure, respiratory rate, and body temperature. In addition, clinical laboratory blood and urine tests were performed before and after administration of 18 F-ML-10.
Small-Animal PET Studies and Histologic Assessment of Testicular Uptake of 18 F-ML-10 in Mice
Each mouse was injected with 20 MBq of 18 F-ML-10 and subjected to a 120-min scan using an HRRT PET scanner (Siemens/ CTI) under 0.5%-1% isoflurane anesthesia. Static summed images between 30 and 60 min after injection were created for visualization of tracer uptake and were interpreted qualitatively. For histologic studies, each mouse was injected intravenously with ML-10 labeled with a fluorophore (dansyl; D-ML-10, 140 mg/kg). One hour later, after sacrifice of the animals, testes were excised and subjected to fluorescent histopathologic assessment, using a BX51 microscope (Olympus Optical Co.) equipped with a UMNU2 filter. Consecutive slides were visualized for apoptotic nuclear fragmentation using deoxyuride-59-triphosphate biotin nick end labeling (TUNEL) (ApopTag fluorescein direct kit, S7160; Intergen).
Statistical Analysis
For each quantitative parameter, mean values and SD were calculated (Statistica, version 7; StatSoft). Intergroup statistical significance (P , 0.05) was evaluated using the Wilcoxon rank sum test.
RESULTS

Tracer Stability on Administration In Vivo
The in vivo stability of 18 F-ML-10 in plasma was monitored during the first 150 min after its intravenous administration ( Fig. 1) . A major peak corresponding to intact 18 F-ML-10 and a minor peak indicating a metabolite were observed. The minor peak, which was more polar than 18 F-ML-10, was not 18 F, thus indicating that the tracer does not undergo defluorination in vivo. 18 F-ML-10 therefore manifested high stability in vivo, with 97.5% 6 0.4% of the tracer still intact 150 min after administration.
Biodistribution
After its intravenous administration, 18 F-ML-10 was initially detected in the blood compartment and then rapidly distributed through the extracellular space, followed by quick excretion through the kidneys to the urine. Radioactivity was already detectable in the urinary bladder at 10 min after tracer administration. Tracer uptake images at various time points from a representative subject are shown in Figure 2 . Time-activity data were generated for various organs (Fig. 3) . 18 F-ML-10 showed rapid clearance from nontarget organs, with an elimination half-life of 1.3 6 0.1 h for the blood and 1.1 6 0.2 h for all other organs. The kinetics of 18 F-ML-10 exhibited similar patterns in all organs (except the testes), closely following the blood kinetics and consistent with the extracellular distribution of the probe. Intersubject variability in uptake and biologic half-lives was minimal, and the biodistribution profiles did not differ between men and women.
The magnitude of uptake differed between various organs, reflecting the organ-specific blood pool. Furthermore, the organ-to-blood standardized uptake value ratio gave almost constant values from 30 min after tracer administration, indicating that tracer clearance rate from various organs paralleled that from the blood. This finding further supports the likelihood that 18 F-ML-10 is mainly distributed in the extracellular space. High values in kidneys seem to reflect urinary excretion of the tracer rather than retention of 18 F-ML-10 in renal tissue.
In all 4 male subjects, a distinct pattern of 18 F-ML-10 uptake was observed in the testes, characterized by a gradual increase in uptake after tracer administration, a peak at around 25 min, a plateau for up to 90 min, and a slow decrease thereafter. Concurrently, the tracer cleared from the blood and from all surrounding tissues (e.g., bone or muscle), thereby resulting in selective hot spots in the testes on the PET/CT image (Fig. 4A) . Signal intensity was 5-fold higher in the testes than in muscle.
Dosimetry
The fraction of radioactivity excreted at the end of the PET session (220 min after 18 F-ML-10 administration) was calculated from the total administered radioactivity. The total excreted radioactivity per individual was 72% 6 5%. Organ and effective whole-body doses for each individual were calculated using the estimates of the model parameters ( Table 1 ). The urinary bladder wall had the highest dose of 18 F-ML-10, 172 6 18.8 mSv/MBq, and was therefore the dose-limiting organ. When voiding frequencies in the OLINDA bladder model were changed from once every 3 h to once every hour, the dose to the urinary bladder was decreased by a factor of 2.8. The mean effective whole-body radiation dose related to 18 F-ML-10 administration was 15.4 6 3.7 mSv/MBq.
Selective Uptake of 18 F-ML-10 by Apoptotic Cells in Testes of Mice
To demonstrate binding of ML-10 to apoptotic cells in the testes, we performed small-animal PET and a correlative histologic study on male mice. Similar to the observation in humans, hot spots were revealed in the testes, corresponding to selective accumulation of 18 F-ML-10 ( Fig. 4B ). In addition, fluorescent microscopy studies were performed in which the fluorescent D-ML-10 was injected intravenously, the animals were sacrificed, and cryosections of the testicular tissue were prepared. Selective uptake of the probe into specific testicular cells was observed, predominantly at the periphery of the seminiferous tubules. That these cells were apoptotic was then confirmed by histologic TUNEL staining, which detected the characteristic apoptotic DNA fragmentation (Fig. 4C) . 
Safety
No adverse effects associated with 18 F-ML-10 administration were detected in any participating subject in the study. All measured vital signs, including heart rate, blood pressure, respiratory rate, body temperature, and the electrocardiogram, remained stable throughout the study, and no significant changes were observed in any of the measured parameters during the PET/CT sessions or at a follow-up visit 3 d after administration.
DISCUSSION
In this report, we have presented the results of the firstin-humans study with 18 F-ML-10, a small-molecule PET tracer for apoptosis. 18 F-ML-10, derived from the Aposense family of small-molecule probes for apoptosis (6, 8, 9) , was rationally designed to accommodate the challenging set of features required of a useful PET tracer for clinical practice. An important finding of the study was the high stability of the probe in vivo, with 97.5% 6 0.4% of tracer intact at 150 min after administration (Fig. 1) . Such high stability ensures that the measured radioactivity throughout the imaging period indeed originates from the intact tracer, alleviating the need to correct for signals from metabolites or to consider potential molecular interactions of metabolites.
One prerequisite of a probe for apoptosis is lack of binding to viable cells and tissues. Therefore, in healthy subjects, the tracer should manifest largely extracellular distribution. Indeed, this was the profile observed with 18 F-ML-10. The tracer exhibited uniform distribution through the extracellular space, and the pattern of organ uptake and clearance followed monoexponential blood kinetics. Washout half-life from various organs was the same as the clearance rate from the blood (i.e., about 1 h; Fig. 3) , and elimination was through the urine (Fig. 2) .
For dosimetry calculations, each subject underwent multiple whole-body PET/CT examinations as previously described (13) (14) (15) , generating datasets of 9-11 time points per organ per individual over a period of 220 min. Subsequently, regions of interest were outlined on the diagnostic CT images, resulting in subject-specific time-activity curves and, hence, individual dose estimates. The mean effective whole-body dose calculated by the OLINDA/ EXM software for the study subjects was 15.4 6 3.7 mSv/MBq of 18 F-ML-10. Calculated values were slightly higher for women (18.5 6 2.4 mSv/MBq) than for men (12.4 6 0.9 mSv/MBq), as may be attributed to intersex differences in physics (e.g., body volume, body surface area, or distance between organs) considered in the OLINDA/ EXM algorithm, glomerular filtration rate, or age (16) . No differences in biodistribution parameters or the biologic half-lives of the tracer were observed between men and women. These values of effective whole-body dose are below the recommended Food and Drug Administration limit for research studies not under an investigational new drug application (17) . Because of the exclusion of 18 F-ML-10 from viable cells, its distribution in the extracellular space, and subsequent urinary excretion, the urinary bladder was found to be the dose-limiting organ, with a mean dose of 172 6 18.8 mSv/MBq. Such a pattern is also observed with, for example, the PET tracers 18 F-fluorothymidine (18) and 18 F-galacto-RGD (19) . As is customary for studies of probes that are excreted through the urine, our subjects received adequate hydration and were encouraged to urinate frequently between PET sessions. The dosimetry data obtained in the present study were acceptable to the Swedish Medical Products Agency and the radiation safety committee, allowing us to proceed to the second part of the studythat is, on patients with acute cerebral stroke (manuscript in preparation). The effective whole-body dose was 15.4 6 3.7 mSv/MBq, which is comparable to or lower than the dose reported for clinically used radiotracers (13, (18) (19) (20) (21) .
Apoptosis is known to play an important role in testicular physiology. Because of the importance of adequate spermatogenesis for the integrity of future generations of the species, apoptosis is continuously used as a powerful quality assurance tool to eliminate defective germ cells. Consequently, between 5% and 10% of apoptotic germ cells can normally be observed in histologic studies of testes of young adult men (10, 22) . Interestingly, uptake of 18 F-ML-10 reflected this physiologic phenomenon.
Unlike any other examined organ, the testes of all male volunteers demonstrated a 3-phase process in the time- activity curve: a slow net accumulation, retention, and slow elimination (Fig. 3C) . This sequence translated to hot spots in the testes on PET images (Fig. 4A) . Parallel studies performed on mice with small-animal PET further supported selective binding of 18 F-ML-10 to apoptotic cells in testicular tissue. These studies also included a histologic examination using the fluorescent derivative D-ML-10, through which cells manifesting probe uptake were indeed confirmed to be apoptotic by a correlation with TUNEL staining for apoptotic DNA fragmentation (Figs. 4B and 4C ).
These observations of the imaging of physiologic apoptosis are also consistent with the preclinical profile of ML-10 in detection of apoptosis in disease states. Studies of the probe (or its close analog ML-9) have demonstrated its ability to detect apoptosis in various experimental models of disease, both in vitro (8) and in vivo; in models of neurovascular cell death in cerebral stroke (9) ; and in chemotherapy-induced apoptosis in tumors (23) .
Because apoptosis has been shown to play an important role in various medical disorders, detection of apoptosis in vivo may serve as a useful tool in clinical practice, potentially assisting in the diagnosis of disease, the monitoring of disease course, and the assessment of treatment efficacy or serving as a surrogate tool for drug development. The performance of 18 F-ML-10, as observed in the present study, encourages further development of this small-molecule PET probe for apoptosis. Its potential future integration into clinical practice may help address these substantial unmet clinical needs.
CONCLUSION
To the best of our knowledge, this is the first report on PET imaging of a small-molecule probe for apoptosis in humans. In this study, 18 F-ML-10, a compact 18 F-labeled member of the Aposense family, was administered to healthy humans. The observed profile of this probe with respect to biodistribution, dosimetry, safety, stability in vivo, and imaging of physiologic apoptosis supports its further clinical development as a step toward its potential future integration into clinical practice.
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